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Carpal kinematics in quadrupedal monkeys: towards a
better understanding of wrist morphology and
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Abstract

The purpose of this study is to provide new data on carpal kinematics in primates in order to deepen our
understanding of the relationships between wrist morphology and function. To that end, we provide prelimin-
ary data on carpal kinematics in seven species of quadrupedal monkeys that have not been previously investi-
gated in this regard (cercopithecoids, n = 4; ceboids, n = 3). We radiographed wrists from cadavers at their
maximum radial and ulnar deviations, as well as at maximum flexion and extension. We took angular measure-
ments to quantify the contribution of the mobility of the two main wrist joints (antebrachiocarpal and midcar-
pal) with respect to total wrist mobility. We also recorded qualitative observations. Our quantitative results
show few clear differences among quadrupedal monkeys for radioulnar deviation and flexion—-extension: all the
primates studied exhibit a greater midcarpal mobility (approximately 54-83% of the total range of motion)
than antebrachiocarpal mobility; however, we identified two patterns of carpal kinematics that show the func-
tional impact of previously recognised morphological variations in quadrupedal monkeys. Firstly, qualitative
results show that the partition that divides the proximal joint of the wrist in ceboids results in less mobility and
more stability of the ulnar part of the wrist than is seen in cercopithecoids. Secondly, we show that the olive
baboon specimen (Papio anubis) is characterised by limited antebrachiocarpal mobility for extension; this effect
is likely the result of a radial process that projects on the scaphoid notch, as well as an intraarticular meniscus.
Because of these close relationships between carpal kinematics and morphology in quadrupedal monkeys, we
hypothesise that, to some extent, these functional tendencies are related to their locomotor hand postures.

Key words: comparative anatomy; functional morphology; hand postures; locomotion; radiography; wrist
joints.

Introduction

The relationship between wrist morphology and its func-
tion in primates is a long-standing subject of inquiry (e.g.
Napier, 1962, 1967, 1980; Lewis, 1965, 1969, 1971a,b, 1974,
1985, 1989; Tuttle, 1967, 1969; Sarmiento, 1988; Hamrick,
1996). This issue results from the morphological complexity
of the wrist, which involves numerous bones and ligaments
(Sarmiento, 1988; Lewis, 1989). Hence, any functional inter-
pretations of the morphological variation of the primate
wrist must rely on accurate descriptions of carpal bone
movements (or carpal kinematics) in their anatomical con-
text (Jenkins, 1981). Previous analyses of carpal kinematics
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in primates initially focused on apes because of their close
phylogenic relationships with humans (Schreiber, 1934;
Yalden, 1972; Jenkins & Fleagle, 1975; O’Connor & Rarey,
1979; Jenkins, 1981; Jouffroy & Medina, 2002; Orr et al.
2010); however, kinematic data pertaining to monkeys are
largely lacking in the literature. The purpose of this study is
to provide new data on carpal kinematics of monkeys
(ceboids and cercopithecoids) that have not been previously
investigated in order to first develop a suitable comparative
framework for studies of the functional morphology of the
wrist of quadrupedal monkeys; and second to deepen our
understanding of the relationships between wrist morphol-
ogy and its associated functions.

Monkeys are primarily quadrupedal primates (Rose, 1973;
Fleagle, 1999), and they use at least five types of locomotor
hand postures: palmigrady; graspwalk; schizodactyl grasp-
walk; clawed quadrupedalism; and digitigrady (Hunt et al.
1996); however, digitigrady differs from other hand
postures because of the absence of contact between the
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palm and the support during the stance phase (Whitehead,
1993; Patel, 2009, 2010; Patel & Polk, 2010). This hand pos-
ture is associated with limited wrist mobility in extension
and ulnar deviation (Schreiber, 1934; Sullivan, 1961; Jones,
1967; Tuttle, 1969; Lemelin & Schmitt, 1998; Richmond,
2006). Digitigrady is used habitually by terrestrial cercopi-
thecine monkeys, including baboons (Papio), geladas (The-
ropithecus), mandrills  (Mandrillus), patas monkeys
(Erythrocebus) and, occasionally, semiterrestrial species such
as macaques (Macaca), vervet monkeys (Chlorocebus) man-
gabeys (Cercocebus) and possibly some guenons (e.g.
Cercopithecus, Allenopithecus; Bishop, 1964; Napier &
Napier, 1967; Tuttle, 1969; Rose, 1973, 1977; Kingdon, 1988;
Rawlins, 1993; Whitehead, 1993; Gautier-Hion et al. 1999;
Chatani, 2003; Patel, 2009, 2010). Therefore, quadrupedal
monkeys use different substrates and hand postures,
and these differences should involve variations in carpal
kinematics.

Comparative studies of monkey wrists have attempted to
highlight relationships between morphology and carpal
kinematics (e.g. Jones, 1967; Yalden, 1972; Ziemer, 1978;
Fleagle & Meldrum, 1988; Lewis, 1989; Youlatos, 1996; Le-
melin & Schmitt, 1998; Schwartz & Yamada, 1998; Patel &
Carlson, 2006; Richmond, 2006). The wrists of quadrupedal
monkeys are composed of nine carpal bones organised in
two rows (a proximal and a distal row), and two main joints
(a proximal or antebrachiocarpal joint and a distal or mid-
carpal joint; Fig. 1). Digitigrade monkeys share a radial dor-
sal process that projects into a depression on the scaphoid
as well as a meniscus interposed between the dorsal parts
of the radius and scaphoid. These morphological traits are
absent in non-digitigrade monkeys and are assumed to be
associated with a limited extension of the proximal carpal
row (Jones, 1967; Yalden, 1972; Lewis, 1989; Fig. 1). In addi-
tion, the lunate articular surface on the radius in digitigrade
monkeys is particularly dense in the dorsal region, whereas
it is dense over the entire surface in other monkeys; that
trait is assumed to be associated with a maximum congru-
ence of the radius-lunate joint in extension (Carlson & Patel,
2006; Patel & Carlson, 2006). In addition, the articular sur-
faces of the capitate-hamate complex are proximally flat-
tened and would limit the amplitudes of radioulnar
deviation at the midcarpal joint in cercopithecoids (Lemelin
& Schmitt, 1998; Fig. 1). In contrast, most quadrupedal ce-
boids are characterised by the retention of a primitive trait
shared by other mammals: a partition called the synovial
septum that divides the joint between the forearm and the
wrist into two compartments (Cartmill & Milton, 1977). This
septum distally links the lunate-triquetrum ligament to the
proximal ligament that unites the distal parts of the radius
and the ulna. This septum is absent or vestigial in the capu-
chin monkey (Cebus), the red-faced spider monkey (Ateles),
the woolly monkey (Lagothrix) and Old World monkeys
(cercopithecoids; Parsons, 1900; Beattie, 1927; Robertson,
1944; Hill, 1957, 1959, 1960, 1962, 1966, 1970, 1974; Lewis,
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Fig. 1 Wrist morphology in quadrupedal monkeys; a digitigrade
monkey (a, b) and an arboreal quadrupedal monkey (c, d), in both
palmar (a, c) and lateral views (b, d). The bones of the proximal carpal
row are represented by black silhouettes; the bones of the distal
carpal row are represented by grey silhouettes. The main
morphological variations between a terrestrial digitigrade monkey and
an arboreal quadrupedal monkey concern: (1) congruence of the
radius-lunate articulation; (2) morphology of the proximal articular
surfaces of the capitate-hamate complex; and (3) the
presence/absence of a synovial septum. For details, see the text.
Abbreviations: C, capitate; Ce, os centrale; H, hamate; L, lunate; MCl-
V, metacarpals I-V; R, radius; S, scaphoid; T, triquetrum; Tr,
trapezium; Tz, trapezoid; U, ulna.

1965, 1969, 1971a, 1974, 1985, 1989; Jones, 1967; Ziemer,
1978; Youlatos, 1996; Fig. 1). From a functional point of
view, this septum is assumed to limit the radioulnar
deviation of the proximal carpal row as well as the devi-
ational movement at the ulnocarpal joint (Cartmill & Mil-
ton, 1977; Hamrick, 1996). Consequently, morphological
variations of the wrist in ceboid and cercopithecoid quadru-
pedal monkeys are expected to reflect different patterns of
carpal kinematics.

The few studies that have focused on the different roles
of the wrist joints in monkeys have provided qualitative
descriptions of carpal row mobility (except Jouffroy & Med-
ina, 2002) and osteoarticular columns (for which several car-
pal bones transmit the joint reaction forces proximodistally
as a single functional unit; Schreiber, 1934; Yalden, 1972;
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O’Connor, 1975; Ziemer, 1978; Jouffroy & Medina, 2002;
Ochsenbein, 2002). Studies of carpal row mobility support
the hypothesis that mobility occurs primarily at the midcar-
pal joint during flexion—extension (Schreiber, 1934; Yalden,
1972; Ziemer, 1978) and radioulnar deviation (Schreiber,
1934; O’Connor, 1975; Ziemer, 1978; Jouffroy & Medina,
2002; Ochsenbein, 2002). Some of these analyses also sup-
port the hypotheses that: first, radial deviation is checked
by a radial column (composed of the scaphoid, trapezoid,
trapezium, capitate and lunate); second, ulnar deviation is
checked by an ulnar column (composed of the capitate,
lunate, hamate and triquetrum); and third, flexion-exten-
sion is checked by a central column (composed of the lunate
and capitate; O’Connor, 1975; Ziemer, 1978). Although
these functional studies provide relevant descriptions of car-
pal bone motion in some monkeys, they do not provide
comparative data. In addition, these studies are based on
radiographic data in radioulnar and dorsopalmar planes
that are not standardised. For instance, the anatomical
material used consists of immature specimens (Schreiber,
1934), fresh cadavers, specimens in formalin (O’Connor,
1975; Jouffroy & Medina, 2002; Ochsenbein, 2002) or liga-
mentous preparations (Yalden, 1972; Ziemer, 1978). This
lack of standardisation complicates any comparisons
because of the possible influence of soft tissues other than
ligaments (e.g. tendons or adipose tissue) and behavioural
changes that occur during individual development. To
avoid these anatomical biases, comparative studies of carpal
kinematics in primates should quantify the relative contri-
bution of the midcarpal and antebrachiocarpal joints to the
overall wrist movement in adult individuals (Jouffroy &
Medina, 2002).

The present analysis aims to analyse the extent to which
carpal kinematics vary between ceboid and cercopithecoid

quadrupedal monkeys that have varying morphologies. To
that end, we first provide new data on carpal kinematics of
monkeys (i.e. ceboids and cercopithecoids) that have not
been previously investigated. We then describe a new radio-
graphic methodology we have developed that is suitable
for the comparative study of the functional morphology of
the wrist in primates. This method allows us to describe and
compare, quantitatively and qualitatively, the overall mobil-
ity of carpal rows as well as the motion of carpal bones
during radioulnar deviation and flexion-extension. This
study provides new insights on the relationships between
the wrist morphology and its functions in primates,
especially with regard to locomotor hand postures.

Materials and methods

Seven wrists of quadrupedal monkeys (ceboids, n = 3; cercopith-
ecoids, n = 4) were collected from frozen cadavers (Table 1) by
removing the forelimb at the glenohumeral joint (articulatio
glenohumeralis). All specimens were adults with no noticeable
pathology and were radiographed with all soft tissues intact.
The taxa represented are usually described as quadrupedal. They
were divided into three categories according to their preferred
substrate (terrestrial, semiterrestrial or arboreal), as well as their
preferred locomotor hand postures (Table 1). Although it was
not possible to assign a species name to the Cercopithecus speci-
men, it was included in the analysis because the different mem-
bers of this genus are usually described as palmigrade or
palmigrade/digitigrade individuals. Because some specimens
were anatomically incomplete, specimen weights were not avail-
able. Six specimens were conserved and studied at the Depart-
ment of Ecology and Biodiversity Management (Département
d’écologie et gestion de la biodiversité) in the National Museum
of Natural History in Paris, France; the Papio specimen was
housed and studied at the CNRS primatology station at Rousset-
sur-Arc, France.

Table 1 Comparative sample information: all wrists used in this study were removed from fresh adult cadavers.

Locomotion and posture

Preferential locomotion

Taxa Sex substrate

Preferential hand

posture References

Olive baboon Papio anubis F Terrestrial
Macaca mulatta
Macaca fuscata

Rhesus macaque F
M
Cercopithecus sp. M
M

Japanese macaque
Guenon

Bearded saki Chiropotes satanas Arboreal
Grey-necked owl monkey Aotus trivirgatus ~ ? Arboreal
Golden-handed tamarin  Saguinus midas ? Arboreal

Semiterrestrial
Semiterrestrial
Arboreal/Semiterrestrial? Palmigrady/Digitigrady? Gautier-Hion et al. (1999)

Rose (1977)
Whitehead (1993)
Rawlins (1993)
Chatani (2003)

Digitigrady

Palmigrady/Digitigrady
Palmigrady/Digitigrady

Erickson (1957)

Fleagle & Mittermeier (1980)
Youlatos (1999)

Erickson (1957)

Bishop (1964)

Youlatos (1999)

Clawed quadrupedalism Fleagle & Mittermeier (1980)
Garber (1991)

Hunt et al. (1996)

Schizodactyl graspwalk

Schizodactyl graspwalk
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X-ray methodology

Observation planes

Observations were made in two orthogonal planes: the dors-
opalmar plane and the radioulnar plane. In order to observe
maximum movement at the wrist, each forelimb was disposed
with the elbow in a semiflexed posture and the forearm in a
semipronated posture (Ziemer, 1978). Four X-ray images were
taken of each specimen. Two were taken using a dorsopalmar
view, at maximum radial deviation and maximum ulnar devia-
tion. Two were taken using a radioulnar view, at maximum flex-
ion and maximum extension.

Observation tools

When possible, we used the Faxitron system (Model MX 20 Phi-
lipps Medical Systems, National Museum of Natural History)
because its vertical X-rays provided higher resolution than con-
ventional X-ray methods. This system was very well suited to the
observation of small objects such as carpal bones. Image accu-
racy was also enhanced by using Kodak Industrex X-ray films
(ready-pack type, M100 model), which is commonly used in
industrial applications. Only the olive baboon specimen (Papio
anubis) was X-rayed using traditional methods (Model Mobil X
ray Generator Saxo) because it was preserved at a different loca-
tion. The device settings and film development parameters are
given in Table 2.

The forelimbs were directly attached to the X-ray films (with
the Faxitron system) or plates (with conventional apparatus).
The antebrachial and metacarpal bones were immobilised to
avoid any influence on the natural motion of the carpal bones.
Finally, the X-ray images were digitised at 600 dpi.

Quantitative analysis: axes and angular
measurements

The angles between the two carpal rows and the reference axes
were measured at each stationary wrist posture in a dorsopal-
mar and a radioulnar view. Three reference axes were defined
in the dorsopalmar view (for illustrations, see Fig. 2). First, the
antebrachial axis (Ab) was perpendicular to the bistyloid axis,
linking the radial and ulnar styloid processes. Second, the sca-
phoid-triquetrum axis (ST) was the axis of the proximal carpal
row and was perpendicular to the axis that linked the furthest
distoulnar point of the triquetrum to the furthest distoradial
point of the scaphoid. The definitions of the ‘Ab’ and ‘ST’ axes
are given in Jouffroy & Medina (2002). Third, the axis of the dis-
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tal carpal row (Cd) was the axis perpendicular to the distal sur-
face of the capitate. Three reference axes were also defined in a
radioulnar view: first, the radial axis (R) was perpendicular to
the axis of the distal articular surface of the radius; second, the
lunate axis (L) was perpendicular to the axis of the distal articu-
lar surface of the lunate; and third, the capitate axis (C) was
perpendicular to the axis of the distal articular surface of the
capitate.

Based on the reference axes, six angles were measured for
each specimen with Imagel software (Abramoff et al. 2004;
Fig. 2). In a dorsopalmar view, the angles between Ab and Cd
(Ab-Cd), Ab and ST (Ab-ST), and ST and C (ST-Cd) were mea-
sured at maximum ulnar deviation (UD) and maximum radial
deviation (RD). In a radioulnar view, we measured the angles
between R and C (RC), R and L (RL), and L and C (LC) at maxi-
mum flexion (F) and maximum extension (E).

Based on the angle measurements, we expressed the move-
ments of the carpal rows as percentages of the overall wrist
mobility. During radioulnar deviation, the antebrachiocarpal
and midcarpal mobilities, respectively, were expressed as fol-
lows: (RUDap-st/RUDap.cq) X 100 and (RUDst.cq/RUDap.cq) X 100,
with RUD (total radioulnar deviation) = RD (total radial devia-
tion) — UD (total ulnar deviation), in which RUDap.s7: total ra-
dioulnar deviation at the antebrachiocarpal joint; RUDst.cq:
total radioulnar deviation at the midcarpal joint; and RUDap.cq:
total radioulnar deviation of the wrist. During flexion-exten-
sion, the degrees of antebrachiocarpal and midcarpal mobility,
respectively, were expressed as (FEr./FErc) X 100 and (FE /-
FErc) x 100, with FE (total flexion-extension) = E (total exten-
sion) — F (total flexion), in which FEgc: total flexion-extension of
the wrist; FEg.: overall flexion—-extension at the antebrachiocar-
pal joint; and FE c: total flexion—-extension at the midcarpal
joint.

The estimation of the accuracy of the quantitative approach
was based on the calculation of 95% confidence intervals (Cls).
The complete series of angles were measured 10 times for each
specimen, each time by the same person. In addition, we deter-
mined which angle measurements were the most accurate,
choosing between RUDapst and RUDsrcq, and between FEg.
and FE c. To that end, we tested whether the mean error that
resulted from measuring the first angle (i.e. RUDap.st and FEgy)
was lower or higher than the mean error that resulted from
measuring the second angle (i.e. RUDst.cq.and FE ¢). We calcu-
lated the proportion of deviation from the mean for each of
the two angles (i.e. |x; — E(x;)|/|E(x;)|, where x; is the ith mea-
sure of the individual j). This method scaled the errors within a
specimen j and allowed us to compare the paired series of
errors that resulted from measuring each of the angles. These
distributions were absolute errors and were therefore not
normally distributed. We thus used a non-parametric Wilcoxon

Table 2 Settings for the radiological protocols. Interspecies variation in bone density required variations in the voltage applied and the duration of
exposure to radiation, ranging from 180 s at 35 kV for the grey-necked owl monkey (Aotus trivirgatus) to 210 s at 42 kV for the Japanese

macaque (Macaca fuscata).

X-ray generator parameters

Radiograph development parameters

X-ray generators Amperage (mA) Voltage (mV) Exposure (s) Revelation (s) Rinsing (s) Fixation (s)
Faxitron system 10 35.10°-42.10° 180-210 480 120 600
Traditional radiographic system 15 40 Automatic (immediate) 15 180 240
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Fig. 2 Reference axes (right) and angle measurements (left) in: (A) the
dorsopalmar view; and (B) the radioulnar view (bottom); the olive
baboon (Papio anubis) is used as an example. (A) Dorsopalmar view,
with Ab, antebrachial axis; Cd, the distal carpal row axis; ST, axis of
the proximal carpal row. Ab-Cd, angle between Ab and Cd; Ab-ST,
angle between Ab and ST; ST-Cd, angle between ST and C. (B)
Radioulnar view, with C, capitate axis; L, lunate axis; R, radial axis. LC,
angle between L and C; RC, angle between R and C; RL, angle
between R and L. Scale bar: 10 mm. For definitions, see the text.

test to compare the two series of errors (Wilcoxon test in
R version 2.10.1).

Qualitative analysis

We visually evaluated carpal bone motion and areas of maxi-
mum bone contact by assessing spacings at the antebrachiocar-
pal joints and proximal intercarpal joints. For radioulnar
deviation, we described variations in spacing between the
radius and lunate, between the radius and triquetrum, and
between the ulna and triquetrum. In addition, we compared
the scaphoid-lunate spacing with the lunate-triquetrum spacing.
For flexion—extension, we described bone congruences in the
central osteoarticular column (radius-lunate joint and lunate-
capitate joint).

To that end, contours of the carpal and antebrachial bones
were made from each radiograph and then superimposed using
the antebrachial bone contours as a reference. The motion of
the carpal bones achieved between each posture of maximum
movement (radial deviation, ulnar deviation, flexion and exten-
sion, proximal and distal shifts) was described. The joint

postures for which articulating carpal bones shared a maximum
area of contact were also recorded. These postures provided the
greatest joint stability (i.e. close-packed position) and were
assumed to optimise the weight-bearing functions of the wrist.
The close-packed position suggests that any movement away
from this position reduces contact areas and joint stability, lead-
ing to a loose-packed position.

Results

The results regarding the mobility of the carpal rows during
radial and ulnar deviation and during flexion and extension
are given in absolute (degree) and relative values (percent-
age) in Table 3. These results are respectively summarised in
Fig. 3a-d. Qualitative results for the two movements are
given in Table 4 (carpal bone motion) and Table 5 (areas of
maximum bone contact and joint spacings). The qualitative
results for radioulnar deviation are illustrated in Fig. 4,
while Fig. 5 provides a summary of our observations. Signif-
icant examples of flexion—extension are shown in Fig. 6.

Accuracy estimation of the quantitative approach

For each of the repeated measurements, 95% Cls for nor-
mally distributed variables are calculated. Overall, the error
in measurements is uniformly distributed among taxa and
does not depend on specimen size (Table 3; Fig. 3). Errors in
measurement are not affected by the observation planes;
however, errors seem proportionally larger when smaller
angles are measured. We therefore determined which
angle measurements are the most accurate, choosing
between RUDpp.st and RUDst.cyq, and between FEgz, and
FE . These angles estimate the overall mobility of the two
carpal rows during radioulnar deviation and flexion-exten-
sion. To that end, a comparison of the mean errors associ-
ated with angle measurements shows that the
measurement of RUDst.cy is more accurate than the
measurement of RUDap.st (P = 0.00014), and that the mea-
surement of FE ¢ is more accurate than the measurement of
FEr. (P = 6.9 x 107°). Because the angle measurements for
the distal carpal row are the most robust (Table 3), we
choose to present only the contribution of RUDst.cy and
FE,c to the overall wrist movements, as seen in Fig. 3c,d.

Radioulnar deviation

Quantitative results (both relative and absolute) show that
neither the cercopithecoids nor the ceboids are character-
ised by clear functional tendencies (Fig. 3a,c).

For all taxa studied, a large part of the radioulnar move-
ment occurs at the midcarpal joint. This distribution is indi-
cated by RUD st.c¢/RUDap.cq 100, which is > 50% (Table 3;
Fig. 3a,¢). This ratio is substantially variable, ranging from
about 60% to 80%. In ceboids, the lowest degree of midcar-
pal mobility is found in Saguinus midas (60.1%), while the
highest is found in Aotus trivirgatus (78.2%). The value for
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Fig. 3 Overall range of motion at the wrist joints in radioulnar deviation (a) and flexion—extension (b), and percent contribution of midcarpal
mobility to (c) total radioulnar deviation (RUDst.cq/RUDap.cq) 100 and (d) total flexion—extension (FE c/FEgrc) x 100. Error bars represent the 95%

Cls. For abbreviations, see the text.

Chiropotes satanas is intermediate (68.4%). Cercopithecoids
display almost the same degrees of variation in the percent
contribution of the midcarpal joint, with the lowest value
found for Papio anubis (58.4%) and the highest value found
for Macaca mulatta (81.3%). The values for M. fuscata
(65.8%) and Cercopithecus sp. (60.6%) are intermediate.

A comparison between the relative and absolute mobili-
ties of the carpal rows allows identification of two main
results in terms of variation: first, Aotus trivirgatus and
Macaca mulatta share the highest percentages of midcarpal

contribution (with similar values) and the lowest overall
mobility of the carpal rows. Second, the rhesus macaque
differs from the Japanese macaque in the midcarpal contri-
bution to overall wrist deviation, which is approximately
16% higher in the rhesus macaque (81.3% in M. mulatta,
65.8% in M. fuscata), and in overall midcarpal mobility,
which is 50% lower in the rhesus macaque (12° in M. mulat-
ta, 25° in M. fuscata).

With regard to our qualitative results, the cercopithecoids
and the ceboids have a similar pattern of carpal bone

© 2011 The Authors
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Table 4 Substantial carpal bone motion observed during radioulnar
deviation and flexion-extension.

RD — UD F—E

Proximal carpal bones  Distal carpal bones Lunate Capitate

Saguinus midas E+pS E+pS

S, CeL UD+dS Tp, Tz, C UD +dS
T, P UD + pS H UD + pS
Aotus trivirgatus
S, Ce,L UD+dS Tp, Tz, C UD +dS
T, P UD + pS H UD + pS
Chiropotes satanas
S,Ce,L UD+dS Tp, Tz, C UD +dS
T UD + pS? H UD + pS
P UD + pS
Cercopithecus sp.
S,Ce,L UD+dS Tp, Tz, C UD +dS
T, P UD + pS H UD + pS
Macaca fuscata
S, Ce,L dS Tp, Tz, C UD +dS
T UD + pS H UD + pS
P pS
Macaca mulatta
S, Ce No motion Tp, Tz, C UD +dS
L UD? +dS?
T, P UD+pS? H UD + pS
Papio anubis
S, Ce ds Tp, Tz, C UD +dS
L UD + dS
T, P UD + pS H UD + pS

C, capitate; Ce, os centrale; dS, distal shift; E, extension; F,
flexion; H, hamate; L, lunate; P, pisiform bone; pS, proximal
shift; RD, radial deviation; S, scaphoid; T, triquetrum; UD, ulnar
deviation.

Table 5 Major differences in interarticular joint spaces.

Carpal kinematics in quadrupedal monkeys, G. Daver et al. 49

motion. Indeed, radial deviation involves a proximal shift of
the scaphoid/os centrale, lunate, trapezium/trapezoid and
capitates in all specimens (Table 4, Fig. 4). At the end of the
radial deviation, the scaphoid/os centrale, trapezium/trape-
zoid, lunate and capitate adopt maximum congruence. Dur-
ing ulnar deviation, only the bones of the ulnar column are
proximally shifted, such that the ulna, triquetrum, pisiform
and hamate are engaged in maximum congruence at the
end of the movement. Despite this common pattern, the
macaques and the baboon exhibit less mobility (UD) at the
proximal part of their radial osteoarticular column than do
the other taxa.

With regard to the interarticular spaces, the ceboids dif-
fer from the cercopithecoids in two characteristics (Table 5;
Fig. 4). During radial deviation, the lunate in ceboids comes
exclusively into contact with the radius and has no contact
with the triangular ligament. In this posture, ceboids are
also characterised by a scaphoid-lunate space that is either
similar to the lunate-triquetrum spaces (Saguinus midas and
Aotus trivirgatus) or narrower than the lunate-triquetrum
spaces (Chiropotes satanas). The ulna-triquetrum interartic-
ular space appears almost unchanged with radial deviation.
In ulnar deviation, the triquetrum comes into contact with
the radius in Saguinus midas and Chiropotes satanas. In
cercopithecoids, radial deviation involves the lunate coming
into contact with the triangular ligament, and the lunate/s-
caphoid spacing is wider than the lunate/triquetrum spac-
ing. Cercopithecoids, however, show two variations. During
ulnar deviation, the triquetrum does not touch the radius,
as in Aotus trivirgatus. Additionally, with the exception of
Macaca mulatta, the cercopithecoids display an enlarge-
ment of the ulna-triquetrum spaces during radial deviation.

To summarise, in Fig. 5, we list the main qualitative kine-
matic variations that describe the differences between ce-
boids and cercopithecoids. The ceboids are characterised by:

Radioulnar deviation

Flexion—extension

Radial deviation

Ulnar deviation Flexion Extension

Comparisons between

Proximal L contact LT and SL

Taxa (Fig. 4 — feature 1)

(Fig. 4 — feature 2)

TR contact UT contact Comparisons between
(Fig. 4 — feature 3) (Fig. 4 — feature 4) RL and LC (Fig. 6)

Papio anubis
Macaca mulatta
Macaca fuscata
Cercopithecus sp.

Radius + triangular ligament LT < SL
Radius + triangular ligament LT < SL
Radius + triangular ligament LT < SL
Radius + triangular ligament LT < SL

Chiropotes satanas Radius exclusively LT > SL
Aotus trivirgatus  Radius exclusively LT =SL
Saguinus midas Radius exclusively LT =SL

Absence Reduction RL: large  RL: narrow
Absence Subequal LC: narrow LC: narrow
Absence Reduction palmarly  dorsally
Absence Reduction

Presence Subequal

Absence Subequal

Presence Subequal

L, lunate; LC, lunate-capitate spacing; LT, lunate-triquetrum spacing; RL, radius-lunate spacing; SL, scaphoid-lunate spacing; TR,

triquetrum-radius contact; UT, ulna-triquetrum contact.
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Papio anubis
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Aotus trivirgatus

Chiropotes satanas
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Fig. 4 Carpal bone motion during radioulnar deviation in the seven wrists of non-hominoid anthropoids; the superimpositions of carpal bone
contours are drawn from dorsopalmar radiographs during radial deviation (white contours) and ulnar deviation (black silhouettes). Four
characteristics distinguish ceboids from cercopithecoids: (1) radius-lunate spacing; (2) scaphoid-lunate spacing relative to lunate-triquetrum spacing;
(3) ulna-triquetrum spacing; and (4) radius-triquetrum spacing. To simplify the diagram, the contours of the pisiform bone were deleted.

Abbreviations are as in Fig. 1. Scale bar: 10 mm.

limited movement of the carpus at the ulna-triquetrum
joint; increased mobility of the scaphoid/os centrale com-
plex; and absence of direct contact between the triangular
ligament and the lunate bone. Additionally, ulnar deviation
generates radius-triquetrum contact in Chiropotes satanas
and Saguinus midas. The cercopithecoids display: substan-
tial movement of the carpus at the ulna-triquetrum joint;
limited deviational movements of the scaphoid/os centrale
complex; and direct contact between the triangular liga-
ment and the lunate bone during radial deviation. Finally,
although the Cercopithecus sp. specimen mainly shows cer-
copithecoid-like carpal kinematics (areas of maximum bone
contact), it also shows greater mobility of the proximal
radial osteoarticular column, as we observed in the ceboids.

Flexion-extension

Quantitative results (both relative and absolute) show that
neither cercopithecoids nor ceboids are characterised by
clear functional tendencies (Table 3; Fig. 3b,d).

Our results for all the taxa studied show that a large part
of the mobility during flexion-extension occurs at the mid-
carpal joint (Table 3; Fig. 3d). For this ratio, ceboids do not

differ from cercopithecoid taxa. The variation in midcarpal
mobility in cercopithecoids — ranging from 54.1% in Cercop-
ithecus sp. to 81.9% in Papio anubis, including 63.9% in
M. fuscata and 63.3% in M. mulatta — is more than four
times greater than the variation in ceboids — ranging from
61.2% in Saguinus midas to 67.3% in Aotus trivirgatus,
including Chiropotes satanas (at 63%).

A comparison between the relative and absolute mobili-
ties of the carpal rows allows the identification of two char-
acteristics that distinguish Papio anubis from the other
monkeys. Indeed, the Papio anubis specimen exhibits a sub-
stantially larger contribution by the midcarpal joint to over-
all wrist mobility than the other anthropoids (Table 3;
Fig. 3d). Additionally, the Papio anubis specimen has the
lowest absolute antebrachiocarpal mobility (approximately
17°) among the monkeys studied (ranging from 38° to 51°),
while its midcarpal mobility (88°) falls within the overall var-
iation of other taxa (ranging from 61° to 107°). This particu-
larity is likely related to the low degree of overall mobility
in extension found in Papio anubis (31°) as compared with
the other monkeys (53°-78°).

Our qualitative analysis focused on carpal bone motion
and joint congruences of the central osteoarticular column.

© 2011 The Authors
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Ceboids Cercopithecoids
Columns Radial Ulnar Radial Ulnar
Proximal shift and deviation: Proximal shift of carpal bones: as in ceboids
Bone scaphoid/os centrale pisiform bone Deviation: scaphoid and os centrale
; lunate triquetrum with low mobility except in Cercopithecus sp.
motions trapezoid/trapezium hamate
capitate
Lunate exclusively in contact with the radius Lunate in contact with | Lunate exclusively in
the triangular ligament | contact with the radius
and the radius
Int | 2/3 specimens show
ntercarpa a radius-triquetrum
joint contact
spacings Ulna-triquetrum space does not vary substantially | UIna-triquetrum space vary except in M mulatta
Lunate-triquetrum space Lunate-triquetrum space
> <
Lunate-scaphoid space Lunate-scaphoid space
Examples ( |
Chiropotes satanas Papio anubis

Fig. 5 Characteristics of the radial and ulnar osteoarticular columns in the wrist in ceboids and cercopithecoids. Black silhouettes represent the
carpal bones that contribute most to wrist stability; white contours represent the carpal bones that contribute least to wrist stability. NB: in
cercopithecoids, the lunate-capitate complex contributes to wrist stability during both radial and ulnar deviation.

These results show that all specimens share a common func-
tional pattern, independent of their taxonomy or their
locomotor hand postures. At the antebrachiocarpal joint,
extension is associated with an extension and proximal shift
of both the lunate and capitate (Table 4; Fig. 6). In terms of
joints spacings, maximum extension leads to the maximum
congruence of the proximal articular surface of the lunate
with the dorsal portion of the distal articular radial surface
(Table 5). During flexion, this joint is ‘loosely packed’ (sensu;
Ziemer, 1978). At the midcarpal joint level, a narrow interar-
ticular space is maintained between the proximal articular
surfaces of the capitate and the lunate during both flexion
and extension.

Discussion

We present a new methodology suitable for the com-
parative analysis of primate carpal kinematics that
takes into account the ‘row’ and ‘column’ concepts.
Using this new method, we provide new quantitative
and qualitative data on carpal kinematics in seven spe-
cies of quadrupedal monkeys. Our results help to cha-
racterise different patterns of carpal kinematics among
quadrupedal monkeys and contribute to a better
understanding of the relationships between the mobil-
ity of the wrist, its morphology and its role in locomo-
tor hand postures.

© 2011 The Authors

Reliability and limits of the methodology

Because of the lack of standardised and comparative data
on carpal kinematics in primates, we develop a new meth-
odology suitable for this study. Therefore, a discussion of
the comparability of data is required to allow us to assess
the significance of these data for our understanding of the
relationships between the function and morphology of the
wrist in monkeys. In the present study, the comparability of
the data depends on the relevance of the method used; its
accuracy; the role of individual variation; and the impact of
studying fresh cadavers instead of live individuals.

First, we analyse carpal bone motion in two well-identi-
fied reference planes, although these bones also achieve
conjoint out-of-plane motion, in practice (i.e. rotation, ra-
dioulnar deviation and flexion-extension; Moojen et al.
2002; Orr et al. 2010). In this study, this kind of motion is
signalled in all specimens by variation in the shape of carpal
bone contours between two maximum wrist postures
(Figs 4 and 6). For example, ulnar deviation in Cercopithe-
cus sp. involves a mediolateral reduction of the lunate sil-
houette (Fig. 4), while extension involves an increase in its
height (Fig. 6); however, out-of-plane motion of the central
column in cadavers and living individuals remains relatively
limited during flexion—extension. For instance, in the wrist
of a living human, a 120° flexion-extension angle of the
capitate is associated with 0.8° of pronosupination and

Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland
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Fig. 6 Radiographs in a radioulnar view of carpal motion of the
osteoarticular column of flexion—extension in four anthropoids; the
superimpositions of carpal bone contours are drawn from radioulnar
radiographs during flexion (white contours) and extension (black
silhouettes). Note the proximal shift of the lunate-capitate complex
during extension. Arrows indicate the degree of articular congruence
between the proximal articular surfaces of the lunate and the distal
articular radial surface. Black arrows indicate a narrow radius-lunate
interarticular space; grey arrows indicate a wide radius-lunate
interarticular space. Abbreviations are as in Fig. 1. Scale bar: 10 mm.

16.2° of radioulnar deviation, while a 58° angle of flexion—
extension of the lunate is associated with 2.5° of pronosup-
ination and 12° of radioulnar deviation (Moojen et al.
2002). In non-human primates, this small amount of out-of-
plane motion at the central column is sometimes accompa-
nied by substantial mobility at the proximal intercarpal
joints (e.g. Pan), which contributes to central column stabil-
ity (Orr et al. 2010). With regard to radioulnar deviation,
out-of plane movements are substantial, especially at the
proximal intercarpal joints. For instance, during a 20° radial
deviation, the proximal bones (scaphoid and lunate and
triquetrum) achieve an approximately 8°-15° of flexion,
while they achieve 20°-24° of extension during a 20° ulnar
deviation (Moojen et al. 2002). Because all proximal carpal

bones experience similar out-of-plane motion (flexion in
radial deviation and extension in ulnar deviation) at similar
magnitudes, we estimate that out-of-plane movements of
carpal bones measured between maximum radial deviation
and maximum ulnar deviation compensate and thus do not
substantially affect the ‘in-plane’ carpal movements studied
here.

Second, we show that neither the specimen size nor the
observation planes seems to affect the error in measure-
ments. This approach is thus compatible with comparative
studies; however, error in measurements seems proportion-
ally larger when smaller angles are measured. For instance,
the angle measurements for the distal carpal row are signif-
icantly more robust than those for the proximal row. There-
fore, the results of this study suggest that any quantitative
comparison of carpal kinematics in primates should primar-
ily focus on the most mobile joints in order to limit the error
in measurements.

Third, in this comparative perspective, given the small
number of specimens representing each taxon in the pres-
ent study, interindividual variation could explain differences
between individuals of different taxa. As an example, the
midcarpal contribution to overall radioulnar deviation in
the two Macaca specimens studied here differs by approxi-
mately 16% (81.3% in M. mulatta; 65.8% in M. fuscata;
Table 3; Fig. 3c). These results suggest that contributions of
wrist joints to the total range of motion show a high
degree of variation at an intrageneric level (here, in
Macaca). Such a variation is also observed in hominoids, as
can be seen when one calculates midcarpal contribution to
overall radioulnar deviation (as a percentage) based on
available data from previous studies (Sarmiento, 1988;
Jouffroy & Medina, 2002; e.g. 20% in Hylobates and Homo).
Nevertheless, at a suprafamilial level (ceboid, cercopithecoid
and hominoid), although a high degree of variation is
observed (whatever the source, which can include sex,
behaviour or taxonomy), functional tendencies can be
characterised.

Fourth, the use of passive and unloaded wrist specimens
collected from cadavers could limit the relevance of this
study for understanding wrist functions in living primates;
however, comparative analyses of wrist motion do not
show a significant difference between in vivo weight-bear-
ing conditions and passive and unloaded conditions.
Indeed, cineradiographic and radiographic images of the
wrist in quadrupedal and suspended anthropoids have
highlighted a similarity in carpal rotation under loaded and
unloaded conditions (Jenkins & Fleagle, 1975; Jenkins,
1981). Similarly, in humans, it has been shown that carpal
kinematics described from static analyses remains very close
to those described from dynamic analyses (Kobayashi et al.
1997; Neu et al. 2001; Moojen et al. 2002; Moore et al.
2007). Therefore, passive and unloaded wrist specimens can
be used to investigate in vivo functions of the primate
wrist.

© 2011 The Authors
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Relationships between carpal kinematics and wrist
morphology in quadrupedal monkeys

This study is designed to assess the extent to which carpal
kinematics vary between ceboid and cercopithecoid qua-
drupedal monkeys with varying morphologies. A compari-
son of the absolute and relative mobility of the two carpal
rows shows few clear variations between ceboids and cerco-
pithecoids in radioulnar deviation and flexion—-extension.
The midcarpal contribution to overall wrist mobility is pre-
dominant compared with the antebrachiocarpal contribu-
tion in all quadrupedal monkeys. In addition, our results do
not support the hypothesis that baboons benefit from a
better congruence of the radius-lunate joint in extension or
that cercopithecoids have a limited radioulnar deviation at
the midcarpal joint. In contrast, our analysis highlighted
two kinematic variations in ceboids and Papio anubis that
illustrate a relationship between carpal kinematics and mor-
phology.

First, ceboids of the present study are characterised by an
ulnar column that is proximally not very mobile and that is
better stabilised than the proximal radial column, while the
reverse is observed in the cercopithecoids; this pattern
strongly suggests that the synovial septum has direct implica-
tions for carpal kinematics in arboreal quadrupedal monkeys.

Second, our quantitative results for flexion—-extension
show that Papio anubis differs from the other taxa in its
limited mobility at the antebrachiocarpal joint. This particu-
larity is likely related to the low degree of overall mobility
in extension found in Papio anubis as compared with the
other monkeys. This result suggests that exclusively digiti-
grade species are characterised by an extension limitation
system that is most likely a result of the radial dorsal process
that projects into the depression of the scaphoid and the
presence of an intraarticular meniscus between the dorsal
parts of the radius and scaphoid.

These two patterns of carpal kinematics must, however,
be regarded only as tendencies for two reasons. For exam-
ple, although the wrists of Macaca mulatta and Cercopithe-
cus (characterised by the absence of a synovial septum)
mainly exhibit cercopithecoid-like carpal kinematics in ra-
dioulnar deviation, they also display some ceboid-like char-
acteristics (i.e. invariant ulnocarpal contact and substantial
mobility of the proximal radial osteoarticular column). Simi-
larly, we highlighted that Aotus trivirgatus and Macaca
mulatta differ from other taxa in having the highest mid-
carpal contribution to overall wrist mobility and the lowest
overall mobility of the wrist. Nevertheless, these results con-
firm that differences in carpal kinematics among quadrupe-
dal monkeys are not systematically related to taxonomy.
Such differences could also be related to functional adapta-
tions of the hand at the species level. To this end, new com-
parative studies of monkey wrists are required in order to
test whether these variations in carpal kinematics are
related to morphological variation.

© 2011 The Authors
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Relationships between carpal kinematics and hand
postures in quadrupedal monkeys

Because locomotor hand postures are defined by the posi-
tioning of the forearm'’s long axis, the interpretation of car-
pal kinematics in terms of locomotion needs to integrate
comparative data on wrist mobility that are calibrated by
the forearm’s long axis (e.g. Orr et al. 2010); however, such
an approach is not possible in this study because of the
reduced size of the Faxitron system (for macaque speci-
mens, for example). Regardless, even if this bias limits our
functional inferences, our standardised data for carpal kine-
matics, both relative and absolute, allow us to predict how
and where motion occurs at the wrist under weight-bearing
conditions.

Our study shows that ulnar deviation in ceboids, which
use exclusively arboreal hand postures (i.e. schizodactyl
graspwalk, clawed quadrupedalism), is characterised by a
proximal ulnar column (ulna-triquetrum joint) that is less
mobile than the proximal radial column (radius-scaphoid/os
centrale joints), an absence of contact between the triangu-
lar ligament and the lunate and, particularly in Chiropotes
and Saguinus, a radius-triquetrum contact. Previous studies
have shown that arboreal quadrupedal ceboids achieve
high degrees of ulnar deviation of the hand on both terres-
trial and arboreal substrates (Lemelin & Schmitt, 1998). Dur-
ing the stance phase, the ulnar column and the pisiform
bone form a longitudinal arch, which primarily ensures
weight transmission towards and away from the substrate
(Grand, 1968). The mobile architecture of the wrist in arbo-
real quadrupedal monkeys can be adjusted to changes in
branch diameter (Ziemer, 1978). Therefore, an ulna-trique-
trum joint, the stability of which is improved by the absence
of contact between the lunate and the triangular ligament,
would help to stabilise the wrist under weight-bearing
conditions during ulnar deviation. In this situation, the
radius-triquetrum contact that we observed in Chiropotes
and Saguinus would provide a more specialised form of
weight transmission that is mainly performed by the ulnar
osteoarticular column. Finally, the high degree of mobility
of the scaphoid/os centrale complex in relation to the
lunate would enable adaptation of the wrist architecture in
accordance with the branch diameter.

Our study also provides evidence that the wrists of
cercopithecoids, which are involved in digitigrady, either
occasionally (Macaca sp.) or frequently (Papio anubis) have
a proximal radial column (radius-scaphoid/os centrale
joints) that is less mobile than the ulnocarpal joint, and a
lunate that can make contact with both the radius and the
triangular ligament. Compared with arboreal quadrupedal
monkeys, forelimb morphology in digitigrade species is
thought to be better adapted in resisting higher vertical
peak forces and medially (vs. laterally) directed forces that
result from substrate reaction (Schmitt, 1994; Schmitt &
Hanna, 2004). In addition, both occasionally and frequently
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digitigrade monkeys achieve much less ulnar deviation of
the hands than do strictly palmigrade ceboids (Lemelin &
Schmitt, 1998). Therefore, under such conditions, our results
support the hypothesis that lower mobility of the radial
part of the wrist and a more efficient transmission of
weight between the lunate and antebrachial bones (via the
triangular ligament) contribute to stabilising the wrist in
both occasionally and frequently digitigrade monkeys.

Our results also suggest that exclusively digitigrade mon-
keys (Papio anubis) differ from the other taxa in a limited
mobility of the antebrachiocarpal joint in flexion—extension,
which is likely a result of the reduction of the overall mobil-
ity of the wrist in extension. Previous studies of the overall
mobility of the hand have shown that digitigrady involves a
reduction of wrist mobility in extension (Jones, 1967; Tuttle,
1969; Richmond, 2006). These results are not strictly compa-
rable with ours because they do not rely on standardised
axes of reference; however, previous analyses of overall
wrist mobility, as well as the present study, suggest that a
high degree of digitigrady might involve a reduction in the
antebrachiocarpal contribution to overall extension. Recent
biomechanical analyses have highlighted the fact that digi-
tigrady involves an increase in the effective limb length and
in step lengths, providing mechanical advantages and a
lower cost of transport when walking on terrestrial sub-
strates (Patel, 2009, 2010; Patel & Wunderlich, 2010). There-
fore, reduced mobility in the antebrachiocarpal joint in
extension might contribute to stabilising the wrist, enabling
the monkey to hold the palm of the hand off the substrate
during walking; such an adaptation might reduce the ener-
getic cost of the digitigrade walk.

Conclusions

The purpose of this study is to provide new data on the car-
pal kinematics of quadrupedal monkeys in order to develop
a suitable comparative methodology of the functional mor-
phology of the wrist, and deepen our understanding of the
complex relationships between wrist morphology and wrist
function in these primates.

We highlight two main results in this respect. First, our
quantitative results show that morphological variations that
have previously been recognised in quadrupedal monkeys
partially affect the relative mobility of their carpal rows.
Indeed, all of the monkeys studied display a common pat-
tern of carpal row mobility during radioulnar deviation and
flexion—extension, which is characterised by greater mobility
of the midcarpal joint than the antebrachiocarpal joint. The
olive baboon, however, is characterised by having the low-
est antebrachiocarpal mobility for extension. This character-
istic is likely the result of a distal radial process and a dorsal
intraarticular meniscus that may both limit extension of the
proximal carpal row; this functional pattern may be typical
of habitual digitigrade species. Second, two functional ten-
dencies are qualitatively identified, confirming that carpal

kinematics may be affected by morphological variations.
The synovial septum typical of ceboids involves less mobility
and more stability of the ulnar part of the wrist than is seen
in cercopithecoid wrists; such a functional variation may
reflect locomotor differences between arboreal quadrupe-
dal taxa (ceboids) and digitigrade taxa (cercopithecoids).

From a methodological point of view, the ‘row’ and ‘col-
umn’ concepts have thus helped to improve our knowledge
of the functional morphology of the anthropoid wrist,
despite its considerable complexity and variability. The vari-
ous patterns of carpal kinematics found in quadrupedal
monkeys are differentiated based on the relative and abso-
lute contributions of the carpal joints. Such knowledge
should be extended to as-yet unresearched taxa. Generally
speaking, the present study supports the hypothesis that
the functional morphology of articular systems can be
understood if one takes into account the absolute and rela-
tive mobility of all of its joints. As a consequence, we pro-
pose that the approach presented in this paper be
extended to other articular systems.
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